Pythiosis is caused by Pythium insidiosum, a fungus-like microbe belonging to the kingdom Stramenopila. Its diagnosis is challenging due to clinical and histopathological similarities with the fungal microbes that cause mucormycosis and entomophthoramycosis. In addition, the proper identification of P. insidiosum in the clinical laboratory is difficult. We have developed a rapid and accurate, species-specific identification method using a thermophilic helicase DNA amplification (tHDA) technique, to differentiate this pathogen from closely related pathogenic fungi. Sixty-seven fungal isolates, including 39 of P. insidiosum, were evaluated. A 91 base-pair (bp) DNA fragment was consistently amplified using a COX2 primer. The limiting concentrations of the one-and two-step tHDA protocols were 100 picograms (1.74 × 10 2 copies) and 100 femtograms (1.74 × 10 −1 copies), respectively. The CviKI-1 enzyme in restriction fragment length polymorphism (RFLP) with the 91 bp amplicons accurately separated P. insidiosum from other fungal species. The data suggest that this tHDA-RFLP assay is a rapid and accurate test for the identification of P. insidiosum. The potential use of the assay directly in clinical samples is also discussed.
Introduction
The genus Pythium (kingdom Stramenopila) contains over 100 described species of oomycetes that are widely distributed throughout the world. Morphologically, they have hyaline hyphae and are coenocytic without cross-septa. Several species are pathogenic in plants or animals.
causative agent of the highly morbid and occasionally lifethreatening disease, pythiosis, in humans. This condition is also seen in other mammals, including livestock, and in birds. 1, 2, 3, 4, 5, 6 Human pythiosis is most frequently diagnosed in Thailand. 6, 7 Although the majority of cases are reported in urban regions, infection typically occurs through agricultural or natural exposure to water. 8 Human pythiosis comprises various clinical conditions, including keratitis, cutaneous or subcutaneous infection, and vascular involvement. 7 However, a differential diagnosis is important for the management of pythiosis, 9, 10 and the isolation and identification of P. insidiosum is essential for the selection of appropriate treatment strategies. Depending on the clinical presentation, treatment options may include surgery, antifungal agents, and/or immunotherapy using P. insidiosum antigen (PIA). 8 Although differential diagnosis is crucial, the majority of laboratories are unfamiliar with the culture techniques required to identify the pathogen. Furthermore, the low temperature sensitivity of P. insidiosum is an important limitation in the transport of samples to a reference laboratory for diagnosis.
The conventional method of Pythium spp. identification is based on the morphology of the anamorph stage and zoospore production. 8, 11 However, this method is laborious and time-consuming. In addition, several other oomycetes such as Pythium non-insidiosum, Lagenidium spp., and so forth, also develop zoospores. To overcome this drawback, molecular approaches have been suggested for the rapid and accurate diagnosis of pythiosis. 2, 12, 13 Although internal transcribed regions (ITS) of ribosomal DNA are commonly used in the barcoding of fungi, 14, 15 the mitochondrial cytochrome oxidase II (COX2) gene can be used with better resolution to develop a phylogenetic tree of P. insidiosum and related species. It separates P. insidiosum into three clades (A TH , B TH , and C TH ), depending on characteristic single-nucleotide polymorphisms (SNPs). These attributes are also linked to separation of the organisms at genus and species level.
With the aim of developing molecular techniques that can be used to identify the organism even in peripheral centers, we evaluated a thermophilic helicase DNA amplification (tHDA) technique targeting the COX2 gene. This technique coordinated the actions of helicases to separate double-stranded DNA and DNA polymerases for the synthesis of DNA.
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Methods
Microorganisms
Sixty-seven isolates, including 39 of P. insidiosum, were included in the study. The 39 P. insidiosum isolates comprised 17 human, 2 animals, and 20 environmental isolates (Table 1) , identified by their phenotypic (macro-and microscopic morphology, zoospore production) and genotypic profiles (sequence-based, using ITS and COX2 regions). 15 Among the 28 other, related species included in the study were a single isolate each of Pythium aphanidermatum, Pythium catenulatum, Phytophthora parasitica, Phytophthora sojae, and Lagenidium albertoi ( Table 2) . One isolate each of Basidiobolus meristosporus and Conidiobolus coronatus (identified by morphology and the molecular methods described above) were also included. The remaining 21 isolates were true pathogenic fungi of human origin, collected from the National Culture Collection of Pathogenic Fungi (NCCPF), in Chandigarh, India (Table 2) .
DNA extraction
Each of the isolates was inoculated into a flask containing 50 ml of Sabouraud dextrose broth (BD, Franklin Lakes, NJ, USA) and then incubated at 35
• C on a shaker rotating at 120 rounds per minute for 72 hours. Cultures were treated with thimerosal solution (Sigma-Aldrich, St Louis, MO, USA) to kill the organisms. DNA was extracted from each isolate using the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), according to the commercial protocol. In brief, the harvested mycelia were treated with 180 μl of ATL buffer and 20 μl of proteinase K at 56
• C for 1 hour, following by 200 μl of ATL buffer containing guanidine hydrochloride for protein denaturation, and 200 μl of 95-100% ethanol for DNA purification and precipitation. The entire lysate was filtered through a QIAamp Mini Elute column and then washed with 500 μl of AW1 and AW2 buffers. Finally, the DNA pellet was eluted from the membrane using sterile distilled water. The NanoDrop TM 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantity the extracted DNA at absorbance wavelengths of 260 nm and 280 nm. An absorbance ratio of 1.8-2.0 was considered to represent high-quality DNA.
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Design of primers
The ClustalW program version 1.7 was used to align the COX2 sequence region of P. insidiosum (derived from a previous study 9 ATC CAT AG-3 ). Based on a bioinformatics analysis, 91 expected base pairs (bp) at positions 148 to 239 in COX2 of P. insidiosum, strain CBS 574.85, were calculated and used as the reference in this study. To differentiate P. insidiosum from the other isolates which will be able to amplify using Cox Pi 5 and Cox Pi 6, the CviKI-1 restriction enzyme (New England BioLabs, Ipswich, MA, USA) was used to digest the 91 bp amplicon, obtaining two fragments of 42 bp and 49 bp each.
Cloning
The COX2 fragment from the reference isolate-inserted plasmid was prepared as the positive and reference control for the amplification process, using the InsTAclone To check the inserted DNA plasmid, white colonies were selected as templates for PCR amplification using Cox Pi 5 and Cox Pi 6 primers. The amplification reaction was prepared with a total volume of 30 μl, containing 10 ng of genomic DNA, 1 U of i-Taq DNA polymerase, 1 × PCR buffer (100 mM Tris-HCl [pH 8.3], 500 mM KCl, 20 mM MgCl 2 ), 10 mM dNTP mixture, and 2 mM each primer (Intron Biotechnology, Sangdaewon-Dong, Korea). These reactions were performed in a Thermo Hybaid PCR thermocycle (Ashford, Middlesex, UK), with a cycling profile of 2 min at 94
• C for the initial denaturing step, followed by To detect and analyze the PCR products, samples were run in 2.5% agarose gel (USB, Affymetrix, Santa Clara, CA, USA) with a 1 kilobase (kb) ladder (New England BioLabs) as a DNA marker, and then stained with 0.05% ethidium bromide under ultraviolet light. The expected amplicon was 91 bp.
tHDA process
One-step tHDA
The 91 bp PCR product of the partial COX2 gene was amplified from genomic DNA using the designed primers, Cox Pi 5 and Cox Pi 6. The amplification reaction had a total volume of 30 μl, containing 10 ng of genomic DNA, 1x annealing buffer II, 4 mM MgSO 4 , 40 mM NaCl, 10 mM IsoAmp R dNTP solution, 100 nM each primer, and 1 μl of IsoAmp R Enzyme Mix (BioHelix, Beverly, MA, USA). These reactions were run for 2 hours at 65
• C in a water bath or heat block, with mineral oil overlaid (SigmaAldrich). The positive clone control and negative control (molecular pure water) were run in parallel. To determine the size of the amplicon, samples were run in 2.5% agarose gel (USB, Affymetrix). A 1 kb ladder (New England BioLabs) was used as a DNA marker, stained with 0.05% ethidium bromide and visualized under ultraviolet light.
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Two-step tHDA
This was used to increase the sensitivity of amplification. All processes were the same as in one-step tHDA, but with the additional step of a first denaturation process (5 min at 95 • C).
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Restriction fragment length polymorphism (RFLP)-tHDA for P. insidiosum identification
For the restriction enzyme experiment, 1 μg of the amplification product was added to 1 × CutSmart R Buffer 4 (50 mM potassium acetate, 20 mM tris-acetate, 10 mM magnesium acetate, 100 μg/ml bovine serum albumin [BSA]), and 1 U of CViKI-1 (New England BioLabs). The reaction was incubated at 37
• C for 2 h, after which the restriction products were electrophoresed in 8% nondenaturing polyacrylamide gel. The 10 ml total volume contained 2 ml of 40% acrylamide:Bis (19:1) (Bio-Rad, Hercules, CA, USA), 1 ml of 10 × TBE (Bio-Rad), 100 μl of 10% ammonium persulfate (Bio-Rad), 10 μl of TEMED (Bio-Rad), and 7 ml of sterile distilled water. The products were separated in a gel electrophoresis chamber (Mini-PROTEAN Tetra Cell, Bio-Rad) at 120 V for 50 min, and visualized with SYBR green I (iQ SYBR R Green Supermix, Bio-Rad) after staining for 20 min.
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Validation of the RFLP-tHDA assay
Sensitivity determination
To evaluate the sensitivity of this test, ninefold serial dilutions of the P. insidiosum genomic DNA from 100 ng down to 1 fg or equal 1.74 × 10 5 copies down to 1.74 × 10 −3
(the copy was calculated bases on P. insidiosum's genome size 8 ) were used as templates for the tHDA experiment. 
Specificity determination
Genomic DNA templates from other isolates were tested in the same conditions (Tables 1 and 2 ).
Results
Specificity evaluation of the tHDA experiment
Gel electrophoresis of products from both one-and twostep tHDA of B. meristosporus, C. coronatus, L. albertoi, P. aphanidermatum, P. catenulatum, P. insidiosum, Phy. parasitica, and Phy. sojae isolates revealed a unique band according to the expected size of 91 bp (Fig. 1) . No amplicons were detected from the other fungi tested or the negative control. These experiments were run in triplicate with independent repeats. No differences were noted.
Sensitivity determination of the tHDA system
The ninefold serial dilutions (100 ng to 1 fg) of the P. insidiosum genomic DNA template were examined with the one-and two-step tHDA systems. It was found that 100 pg or 1.74 × 10 2 copies and 100 fg or 1.74 × 10 −1 copies)
represented the minimum amounts of DNA template that could be detected using the one-and two-step systems, respectively (Fig. 2) .
Differentiation of P. insidiosum using tHDA-RFLP assay
The distinctive CviKI-1 restriction site in the amplicon of P. insidiosum clearly separated this oomycete pathogen from the other interrogated isolates. The two expected 42 and 49 bp bands were always present with P. insidiosum isolates but were absent with the other fungal isolates examined (Fig. 3 ).
Discussion
In this study, the in silico-designed primers (Cox Pi 5 and Cox Pi 6) yielded a 91 bp product from the COX2 region of P. insidiosum in a wet experiment using a tHDA assay. The tHDA-RFLP revealed 42 and 49 bp bands, and none of the related species or pathogenic fungi tested produced similar bands. The assay easily identified P. insidiosum, and the limitation of detection was at 100 pg (1.74 × 10 2 copies) in the one-step process. After one more step of template denaturation and amplification, the detection limit improved to 100 fg (1.74 × 10 −1 copies). The assay was also used for detection of P. insidiosum in culture-proven clinical samples (10 corneal scrapings and 5 tissue biopsies) together with uninfected corneal scrapings (n = 2) and tissue samples (n = 5). The assay accurately discriminated P. insidiosum from the other fungal isolates in 9 out of 10 corneal scrapings (PCR amplicon were proved as P. insidiosum by sequencing, data not shown), whereas no PCR product was detected in both P. insidiosum proved tissue biopsies and all uninfected specimens. This result confirmed that no cross reactivity occurred with human DNA. This emphasizes the need for evaluation of the assay in more clinical samples after further optimization, as the texture and quantity of the organism in specimens may affect the outcome of the assay. Early diagnosis of pythiosis and accurate identification of P. insidiosum are important in the optimal management of patients, because therapy differs from other infections with similar clinical presentation and pathology. 4, 8, 9 The classical diagnosis of pythiosis still depends on isolation of the organism and a conventional identification process, which is time-consuming and technically challenging.
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Several alternative methods have been suggested for the diagnosis of pythiosis. 2, 12, 13, 20, 21 Serological methods like complement fixation, 22 immunoblots, and immunodiffusion 23 are widely used but fail to diagnose cases in the early part of the disease, in which the immune response is not yet fully mounted. 24 To overcome this limitation, an enzyme-linked immunosorbent assay (ELISA) with crude antigen has been developed, with better sensitivity. 25, 26, 27 However, this assay can only diagnose patients with systemic disease, and fails to diagnose ocular and subcutaneous pythiosis, which comprise nearly half of human cases. Immunohistochemistry with rabbit polyclonal antiserum has been used to diagnose pythiosis from biopsy samples with reasonable sensitivity, but the assay cross-reacts with some pathogenic fungi, such as Conidiobolus and Fusarium species. 26, 27 Differentiation from entomophthoromycosis is important given the many similarities in the histopathology of the two diseases. Molecular approaches, including PCR and sequencing, have been used with good accuracy for the identification of P. insidiosum isolates. They can also be used with clinical samples, 12 but the assay is time-consuming, requiring at least 2 days for an accurate diagnosis. Moreover, the assay requires a thermocycler and sequencer, which may not be available in the majority of laboratories. The present assay, based on tHDA, exploits the unwinding activity of helicase to separate double-stranded DNA during in vitro DNA amplification, eliminating the need for thermocycler equipment. 16 It can be used with good accuracy and without any major equipment in peripheral centers. The test requires only 4.5 h, which is shorter than classical PCR and sequencing. tHDA has been applied to housekeeping genes and specific regions of several pathogens, including Chlamydia trachomatis, Neisseria gonorrhoeae, Thermoanaerobacter tengcongensis, viral pathogen like Ebola, and parasitic pathogens like Plasmodium falciparum. 16, 28, 29, 30 The assay appears to be cheaper than the maintenance cost of a thermocycler and sequencer.
In conclusion, this study has demonstrated that a tHDA-RFLP-based assay can be a simple, accurate, rapid, userfriendly, and cost-effective method. It may help in the diagnosis of pythiosis directly from clinical samples, without the need for culture and isolation of the organism.
